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Summary. Integrins serve as adhesion receptors for 
extracellular matrix proteins and also transduce 
biochemical signals into the cell. They regulate a variety 
of cellular functions, including spreading, migration, 
proliferation and apoptosis. Many signaling pathways 
downstream of integrins have been identified and 
characterized and are discussed here. In particular, 
integrins regulate many protein tyrosine kinases and 
phosphatases, such as FAK and Src, to coordinate many 
of the cell processes mentioned above. The regulation of 
MAP kinases by integrins is important for cell growth or 
other functions, and the putative roles of Ras and FAK in 
these pathways are discussed. Phosphatidylinositol lipids 
and their modifying enzymes, particularly PI 3-kinase, 
are strongly implicated as mediators of integrin- 
regulated cytoskeletal changes and cell migration. 
Similarly, actin cytoskeleton regulation by the Rho 
family of GTPases is coordinated with integrin signaling 
to regulate cell spreading and migration, although the 
exact relationship between these pathways is not clear. 
Finally, intracellular pH and calcium fluxes by integrins 
are suggested to affect a variety of cellular proteins and 
functions. 
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Introduction 
Extracellular matrix (ECM) proteins such as  
fibronectin, vitronectin, laminin and collagen form a 
complex network to which cells attach and respond. 
These cell-ECM interactions are important for a variety 
of biological processes. ECM proteins are recognized by 
cell surface receptors, one family of which is  the 
integrins (reviewed in Hynes, 1992). At present at least 
16 distinct integrin a subunits and 8 B subunits have 
been identified which can combine to form at least 20 
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different receptors. The combination of a particular a 
and f3 polypeptide confers the specificity of the receptor 
for the ECM ligand; for example, the a5B1 integrin is a 
well characterized fibronectin receptor. Integrins not 
only serve as adhesion molecules, but can also transduce 
biochemical signals into the cell to regulate a variety of 
cellular functions, including cell proliferation, apoptosis 
and migration (reviewed in Ruoslahti and Reed, 1994; 
Lauffenburger and Horwitz, 1996; Assoian, 1997; 
Bottazzi and Assoian, 1997). The purpose of this review 
is to describe these signaling pathways as a step towards 
understanding the mechanisms of integrin regulation of 
cellular functions. 
Discussion 
Protein tyrosine kinases and phosphatases 
Integrin activation results in increased tyrosine 
phosphorylation of several different cellular proteins 
(Guan et al., 1991; Kornberg et al., 1991; Burridge et al., 
1992), and many of the kinases involved in these 
pathways have been identified. Perhaps the most 
extensively studied of these is focal adhesion kinase 
(FAK), a non-receptor protein tyrosine kinase which is 
localized to focal adhesions (Hanks et al., 1992; Schaller 
et al., 1992). FAK demonstrates both increased kinase 
activity (Guan and Shalloway, 1992; Lipfert et al., 1992) 
and tyrosine phosphorylation (Guan et al., 1991; 
Kornberg et al., 1991, 1992; Burridge et al., 1992; Hanks 
et al., 1992; Lipfert et al., 1992) in response to integrin 
activation, which is dependent on an intact integrin 13 
cytoplasmic tail (Guan et al., 1991). The major site of 
FAK autophosphorylation in vivo and in vitro has been 
mapped to Y397 (Chan et al., 1994; Schaller et al., 1994; 
Eide et al., 1995), which serves as a binding site for the 
SH2 domains of Src family members (Schaller et al., 
1994; Eide et al., 1995) and phosphatidylinositol 3- 
kinase (PI 3-kinase) (Chen et al., 1996a). FAK has been 
demonstrated to play a role in several integrin-mediated 
cellular events, including cell migration (Ilic et al., 1995; 
Cary et al., 1996; Gilmore and Romer, 1996), cell 
proliferation (Gilmore and Romer, 1996; Zhao et al., 
1998), and cell death or anoikis (Frisch et al., 1996; 
Hungerford et al., 1996; Xu et al., 1996). FAK-regulated 








